Abstract The compressive response of martensitic NiTi shape memory alloys (SMAs) under high strain rate (1200 s -1 ) was investigated on a modified Kolsky (Split Hopkinson) compression bar. The single-loading momentum trapping system ensures precise deformation control (1.4, 1.8, 3.0, 4.8, and 9.6 % strain) and single loading during dynamic compression. With increasing strain, the phase transformation peaks shift toward lower temperatures, while the intensities of these peaks decrease and eventually disappear completely at strains above *7 %, where the onset of plastic deformation of reoriented martensite occurs. All transformation peaks are recoverable after deformation simply by annealing at 873 K (600°C) for 30 min, except those peaks corresponding to strains above *7 % (e.g., 9.6 %) which return upon annealing, but at a lower temperature. XRD results showed the variation of the strongest diffraction peak from (1 11) to (111) crystal plane before and after high strain rate compression.
Introduction
Martensitic shape memory alloys (SMAs) exhibit a unique shape memory effect where the material can be mechanically deformed and subsequently fully recovered by a simple thermal or electrical heating and cooling, thus ''remembering'' its original shape. These SMAs are found in a variety of aerospace [1] [2] [3] , medical [4, 5] , and civil [6, 7] applications over the last several decades. Among the alloy systems which exhibit the shape memory effect, NiTi-based SMAs have attracted more attention due to their excellent mechanical properties, good biocompatibility, and high corrosion resistance as well as their potential for structural and energy-absorbing applications [8] [9] [10] . In these types of applications, the NiTi SMA component is exposed to high strain rate deformation, large strain deformation, or both. It has been shown that the mechanical behavior of NiTi SMAs is dependent on strain rate, temperature, processing conditions, and deformation history [10] .
Liu et al. [11] [12] [13] [14] [15] [16] [17] [18] investigated the mechanical behavior and deformation mechanisms of martensitic NiTi SMAs under quasi-static loading. They reported Lüders-like deformation behavior and an asymmetric compression and tension stress-strain behavior, which results from different deformation mechanisms (predominantly by detwinning under tension and by dislocation propagation under compression). Furthermore, they also examined the microstructural variation of martensitic NiTi SMAs under tension and identified four different stages of strain. In order to better understand NiTi SMAs under shock or dynamic loading conditions, early research efforts involving high strain rate experiments on a conventional split Hopkinson pressure bar by Ogawa [19] showed that the strain rate effects on mechanical behavior of NiTi SMAs were related to phase transformation at the strain rates of 2-7 9 10 2 s -1 . Chen et. al. [20] studied the compressive responses of a NiTi SMA under austenite phase at the strain rates ranging from 0.001 to 750 s -1 and found that the compressive stress-strain behavior of NiTi SMA is related to strain rate. That conclusion is based on the results that (1) the stress-strain loops are open due to the residual deformation during dynamic loading, while these loops are closed under quasi-static loading conditions; (2) the transition stresses from a stiff behavior to a soft behavior are different under dynamic and quasi-static loading conditions. Similar conclusions were obtained by Nemat-Nasser et al. [21] . In another study, Chen et al. [7] investigated the mechanical behavior of the same materials at temperatures slightly above and below the austenite finish transformation temperature and reported that the slope of the stress-strain curve is stiffer at higher temperatures. Very high strain rate (greater than 10,000 s -1 ) response of a NiTi SMA was achieved on a mini-Hopkinson bar system with stepped striker bars by Nemat-Nasser et al. [22] . They also carried out experiments on the cyclic response of NiTi SMA at high strain rates and temperatures [23] . Miller et al. [24] and Jiang et al. [25] studied the damage evolution and fracture mechanism under high strain rate loading conditions and observed voids on the specimens after deformation. Millett et al. [26] examined the shock behavior of NiTi SMAs during one-dimensional shock loading at impact velocities of 200-875 ms -1 . The influence of high strain rate on the functional properties (e.g., two-way shape memory effect) of NiTi SMAs was conducted by Bragov et al. [27] . With a digital image correlation technique, the strain field of NiTi SMAs was measured by Saletti et al. [28] under moderate strain rate. Patman et al. [29] studied the effect of strain rates and temperatures on the compressive response of NiTi SMAs and found that superelastic strain range increases with increasing strain rate and temperature when martensite and austenite coexisted in one sample, which is different from samples with either pure austenite phase or pure martensite phase. Adharapurapu et al. [30] [31] [32] determined the effects of strain rate, temperature, aging conditions, cold work, and texture on mechanical properties of NiTi SMAs. The compressive response of NiTi SMAs in the martensitic state was examined at a strain rate of 3000 s -1 by Liu et al. [33] . Although the experimental results on mechanical behavior of superelastic NiTi SMAs under both quasi-static and dynamic loading conditions, in terms of temperature, have been reported, the influence of high strain rate on phase transformation, crystal structure, and microstructure of martensitic NiTi SMAs has not been specifically investigated. Furthermore, previous high strain rate studies on NiTi SMAs were primarily focused on the dynamic constitutive response of the materials [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . Some high strain rate research has correlated the macroscopic stress-strain behavior with the microstructural evolution of either Ni-rich NiTi SMAs or austenitic SMAs [22, 24, 25, 28, 31, 32] . For martensitic NiTi SMAs, currently no studies have focused on the correlation between the macroscopic stress-strain behavior and the microstructural evolution/thermal changes associated with phase transformation. Besides examining this correlation, the experimental procedure of previous high strain rate studies were not carried out in a manner where constant strain rate loading and single loading can be maintained. In this study, we particularly focus on developing a novel experimental procedure, which involves a Kolsky bar wave shaping technique and single-loading technique, to realize well-controlled constant strain rate and single loading of the specimens as well as to precisely recover the specimens after each incremental deformation. By following this procedure, the microstructural changes can be quantitatively related to the imposed specimen deformation under dynamic loading conditions and be compared with microstructural/thermal changes associated with phase transformation. Using this new procedure from our previous study [34] , we reported different mechanical behaviors of martensitic NiTi SMA under quasi-static and dynamic loading conditions and its influence on the phase transformation characteristics. Here, we examine the relationship between phase transformations, crystal structure, and microstructure of martensitic NiTi SMAs compressed to different strains under high strain rate loading conditions. This is the first time that the mechanical results have been correlated with microstructural observations for martensitic NiTi SMAs under high strain rate loading conditions.
Experimental
Martensitic NiTi SMA rods with 6.35 mm in diameter, provided by ATI Specialty Alloys and Components (Albany, Oregon), were investigated in this study. The nominal composition of the rod is 49.5 at.% Ni and 50.5 at.% Ti. An oil-cooled diamond wire saw (MTI Corporation, STX-202) was used to cut compression samples and then all samples were slightly etched in a dilute nitride acid solution to remove the oxidized surface layer.
High strain rate compressive tests were conducted on a modified Kolsky compression bar at room temperature. As illustrated in Fig. 1 , the Kolsky compression bar consists of a striker, an incident bar, a transmission bar, and a momentum bar. A gas gun accelerates the striker to impact the incident bar and generates an elastic compressive wave which travels down to the other end of the incident bar. The sample, which sits between the incident bar and transmission bar, is deformed by the incoming loading pulse, which results in a reflected pulse that travels back into the incident bar, and a transmitted pulse that enters the transmission bar. The momentum bar diverts the excessive energy into a shock absorber system. The pulse shaper on the impact end of the incident bar ensures constant strain rate deformation and maintains dynamic stress equilibrium in the specimen. The single-loading momentum trapping system facilitates precise deformation control through engaging the screwed flange with the rigid single loading momentum trap. The strain gages attached on incident and transmission bars collect the incident, reflected, and transmitted pulses as a function of time. According to the one-dimensional stress wave theory, the stress and strain response of the sample can be calculated from the transmitted and reflected pulses, respectively. The strain rate, strain, and stress histories of the sample can be calculated by the formulas as follows:
where C 0 is the 1-D elastic stress wave speed in the bars, L s is the length of the sample, and e R t ð Þ is the strain history of the reflected pulse;
where A 0 is the cross-sectional area of the initial sample, A s is the cross-sectional area of the transmission bar, E is the Young's modulus of the bar, and e T t ð Þ is the strain history of the transmission pulse. Samples for high strain rate compression had an aspect ratio of 1:1, which was chosen to (a) decrease the buckling effect which occurs with large aspect ratio samples and (b) eliminate the barreling effect which occurs with small aspect ratio samples. A lubricant (Dow corning high vacuum grease) was applied on both ends of the specimen to reduce the friction at the contact surfaces between the Kolsky compression bars and the sample.
Scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) was conducted on an FEI Nova 200 NanoLab instrument. In order to reveal the grain boundary and martensitic microstructure, martensitic NiTi rod compression samples were examined in cross section after polishing with 0.02 micron colloid silica and then after electropolishing using a LectroPol-5, Struers electropolishing machine using 20 % (by volume) H 2 SO 4 and 80 % (by volume) CH 3 OH as an electrolyte.
Differential scanning calorimetry was carried out on samples with a mass between 10 and 50 mg by using Netzsch DSC 204 F1 Phoenix differential scanning calorimeter (DSC). The DSC samples were sealed in coldweldable, lidded aluminum crucibles, and then heated and cooled between 223 K (-50°C) and 373 K (100°C) at a scanning rate of 10 K/min in a helium atmosphere. Only the first cooling and second heating data were used for analysis after the samples were heated from room temperature [about 298 K (25°C)] to 373 K (100°C), held for 3 min to reach thermal equilibrium, and cooled down to 223 K (-50°C), held for another 3 min, and heated up again to 373 K (100°C). X-ray diffraction (XRD) measurements were conducted on Rigaku Ultima III X-ray diffractometer (XRD), which was operated at 40 kV and 44 mA with a CuKa radiation source. Diffraction patterns were collected from 20°to 90°at a scanning rate of 1°/min.
Results and Discussion
As illustrated in Fig. 2 , the cross section of the as-received martensitic NiTi rod shows a martensitic NiTi matrix with Ti 2 Ni particles (white arrow in Fig. 2a) , which are typically located at the grain boundaries. Ti 2 Ni particles are known to bear a higher mechanical load upon straining, which induces crack propagation and brittle fracture during mechanical testing [35] . The grains shown in Fig. 2a range between 5 and 20 lm in size. Well-aligned martensitic bands on the order of about 1 lm in width and running the length of the grain are observed within these grains, Fig. 2b .
Due to the different deformation mechanisms of martensite twins under quasi-static loading, martensitic NiTi SMAs exhibit 4-stage stress-strain curves [13] . These deformation stages occur in the following order and consist of elastic deformation of martensite, reorientation of martensite, elastic deformation of reoriented martensite, and plastic deformation of reoriented martensite. As illustrated in Fig. 3 , these 4 stages are also observed under high strain rate loading. Figure 3 shows a series of stress-strain curves from martensitic NiTi SMA rods which were separately compressed to 1.4, 1.8, 3.0, 4.8, or 9.6 % strain under high strain rate (1200 s -1 ). Similar results can be found in Liu et al. [33] . The variation of the stiffness on loading and unloading under high strain rate compression (Table 1) can be observed.
This variation is commonly observed as the ''elastic'' region is rarely purely linear for martensite due to the fact that the curve contains both elastic behavior as well as an increasing amount of martensite reorientation (detwinning), which softens the curve and the apparent modulus, and also some plastic deformation [36, 37] . Besides this difficulty, some other unavoidable factors can also induce variation in apparent modulus: (1) the strain rate is increasing at the early stage of loading (true only for dynamic testing), (2) several uncertainties such as system and sample misalignment (true for both quasi-static and dynamic testing), wave dispersion during wave propagation (true only for dynamic testing), indentation of the bars and early stress equilibrium (true only for dynamic testing), and (3) the stress-strain data under high strain rate loading conditions is calculated from the electrical signal, which is directly collected by an oscilloscope, so the selection of the starting point for data reduction has an influence on the results, which is difficult to quantify (true only for dynamic testing). It is well known that the observed modulus in a macroscopic stress-strain curve for NiTi is not reflective of a true modulus for martensite (near 70 GPa from neutron diffraction and synchrotron XRD [36] [37] [38] [39] [40] [41] ). Literature reports the apparent elastic modulus of martensite to range between 20 and 70 GPa [36] [37] [38] [39] [40] [41] . Thus, the apparent elastic modulus observed here is within the range of those reported in the literature and are essentially the same during loading up to 4.8 % strain. Each curve was obtained from a NiTi compression rod sample which was initially in the as-received state. The first stress-strain curve (1.4 % maximum strain) shows an elastic modulus of about 25 GPa, which is within the range of elastic moduli values reported in the literature [37, 38, 41] . The residual strain indicates that martensite reorientation occurs before the sample was compressed to 1.4 %, which is consistent with the results in Liu et al. [12] . Liu et al. [12] observed that the onset of the stress-plateau (*1.2 % strain) on the stress-strain curve indicates the initiation of the martensite reorientation process. Similar mechanical behavior was also observed in the subsequent two stress-strain curves (1.8 and 3.0 % maximum strain) except that higher stress levels were obtained at larger strains, with 204.3 MPa at 1.4 % strain (E load = 25 GPa), 215.7 MPa at 1.8 % strain (E load = 25 GPa), and 299.3 MPa at 3.0 % strain (E load = 20 GPa). As the strain increases, there is also an increase in deviation from linearity, which indicates that in addition to elastic deformation of martensite, there is also martensite reorientation. The stress-strain curve up to 4.8 % also shows both elastic deformations of martensite and martensite reorientation as well as a clear inflection point at about 450 MPa which indicates that elastic deformation of reoriented martensite has also started. The slope of the stress-strain curve increases from 7.8 to 14.6 GPa at this inflection point. Finally, the stress-strain curve up to 9.6 % exhibits all four stages (elastic deformation of martensite, reorientation of martensite, elastic deformation of reoriented martensite, and plastic deformation of reoriented martensite), which are distinctly observable in Fig. 3 . The last inflection point (correlating to plastic deformation of reoriented martensite) occurs at about 1600 MPa (the corresponding strain is about 7 %) in the sample plastically deformed to 9.6 %. This behavior likely indicates that defects such as dislocations and residual strain after unloading accumulate with increasing strain as is consistent with previous research [18] . DSC measurements were conducted on the martensitic NiTi samples before and after high strain rate (1200 s -1 ) compression to the strain of 1.4, 1.8, 3.0, 4.8, or 9.6 %. As indicated in Fig. 4 , the phase transformation temperatures of the as-received sample are M s = 324.4 K (51.4°C), M f = 311.8 K (38.8°C), A s = 347.5 K (74.5°C), and A f = 355.4 K (82.4°C), respectively. A 2-step transformation, corresponding to a transformation from B19 0 to R-phase and then R-phase to B2, is observed during heating [42] . With increasing compression strain up to 4.8 % strain, the peak corresponding to the R-phase to B2 (red curves in Fig. 5 ) transformation increases, while the peak corresponding to B19 0 to R-phase (blue curves in Fig. 5 ) transformation decreases. Both transformation peaks increase in intensity and remain at a fixed temperature regardless of the amount of strain, with the exception of strain up to 9.6 %. This is due to the fact that the martensite stabilization effect [16, 43, 44] commonly observed is removed after the first heating cycle during DSC, where we only show the first cooling curve and the second heating curve whereby all stabilization by deformed martensite has been removed at strains below 9.6 % strain. At the same time, the 1-step peak observed during cooling which corresponds to the B2 to B19 0 transformation gradually decreases in intensity and temperature. The increasing intensity in both cases indicates that, as the strain is increased, more energy is stored in the sample after deformation, which is also confirmed when examining the ) compression to the strain of 1.4, 1.8, 3.0, 4.8, or 9.6 % increase in area under the curve in Fig. 3 with increasing deformation before the fourth stage (plastic deformation of reoriented martensite). Apparently, there is a threshold strain between 4.8 and 9.6 %, below which the phase transformation feature (i.e., the shape memory feature) is present and above which phase transformation is completely removed. That threshold value is likely at *7 % strain according to Fig. 3 , which is much lower than that under quasi-static loading conditions [45] , and is likely due to more plastic deformation of reoriented martensite occurring during high strain rate loading compression as compared to quasi-static loading compression. Figure 5 shows the decoupling of the two-step transformation which occurs during heating. A Gaussian peak fitting was performed. The B19 0 to R-phase peak broadens and lowers down gradually with increasing strain, while the other peak is sensitive to increasing strain. It increases at the strain of 1.4 % and then decreases with higher strains. This is due to the strain energy induced by the distorted crystal planes as shown in Fig. 6 .
In order to examine this change in crystal structure after high strain rate compression, XRD patterns were obtained from each sample as shown in Fig. 6 . The diffraction peaks correspond very well with diffraction peaks from monoclinic martensitic NiTi (PDF#: 00-035-1281). According to the peak position and its relative intensity, the (101), (020), (1 11) , (002), and (111) planes of martensitic NiTi are identified as well as the (662) plane from Ti 2 Ni phase, which continuously decreases with increasing compressive strain. There is no apparent peak shift after compression; however, the peak intensity decreases with increasing strain except at the strain of 1.4 %, at which the deformation stage is close to the onset of martensite reorientation (as shown in Fig. 3 ). At all strain rate loading conditions, the diffraction peaks indicate that martensite is present at room temperature; however, the orientation changes significantly and, based on DSC results in Fig. 4 , the phase transformation is removed when the orientation is as shown for the diffraction peaks for 9.6 % strain. The most intense diffraction peak for compression up to 1.4, 1.8, 3.0, or 4.8 % is the (1 11) plane, while the most intense diffraction peak for compression up to 9.6 % strain is the (111) plane, which indicates a reorientation of martensite. Hence, large strain compression under high strain rate results in large residual strain (as indicated in Fig. 3 ), which is accommodated by the severe distortion of the crystal planes.
SEM images of martensitic NiTi SMAs before and after high strain rate compression are shown in Fig. 7a-f . Before compression, grain boundaries are relatively easy to identify and the martensite bands align in the same direction within each individual grain and appear ordered. As strain is increased, the ordered regions of martensite as shown in Fig. 7b -e exhibit finer bands which can still be reversibly transformable, then martensite bands and grains begin to break apart and become disordered. When the compressive strain reaches 9.6 % strain, grain boundaries and ordered martensite become difficult to distinguish. Figure 8 shows DSC curves from the deformed samples after annealing at 873 K (600°C) for 30 min. For samples compressed to the strain of 1.4, 1.8, 3.0, or 4.8 %, the phase transformation peaks are all fully recovered with almost the same peak positions and intensities. Macroscopically, the sample dimensions are also fully recovered after annealing for these compression strains, which correspond to the deformation stages before plastic deformation of reoriented martensite occurs. In the case of 9.6 % strain where plastic deformation of reoriented martensite occurred as indicated in Figs. 3 and 7f, the phase transformation peaks completely disappeared after deformation and return after annealing, but are shifted down in temperature (i.e., 2.6 K (2.6°C) lower for the martensite phase transformation and 6 K (6°C) lower for the reverse phase transformation). When the compressive strain is smaller than *7 %, elastic deformation of martensite, reorientation of martensite, and elastic deformation of reoriented martensite occur, whereas in addition to these three stages of deformation, irrecoverable plastic deformation of reoriented martensite occurs at strains above *7 % according to Fig. 3 . This plastic deformation induces progressive disordering of martensite which can be seen in the SEM images in Fig. 7f where grain boundaries and ordered martensite have become completely fragmented. Consequently, phase transformation peaks or transformability disappear as shown in Fig. 4 . During annealing, nucleation and growth of new austenite occurs, which transforms into ordered martensite upon cooling [45] . Defects such as dislocation network induced by compressive deformation can be removed more completely or the defect configuration can be rearranged in the formation of new austenite. This new austenite results in a permanent strain in the material after phase transformation to room temperature. Therefore, the transformation temperatures drop slightly after the 9.6 % deformed sample was annealed. 
Conclusions
In this research, martensitic NiTi rods were compressed separately at a strain rate of 1200 s -1 to a strain of 1.4, 1.8, 3.0, 4.8, or 9.6 %. DSC measurements and XRD analysis were carried out to investigate the influence of high strain rate at five different strain levels on the phase transformation and crystal structures of martensitic NiTi SMAs. Several conclusions are drawn upon the results:
1. A 4-stage stress-strain curve for a martensitic NiTi SMA was obtained at the strain rate of 1200 s -1 . These stages correspond to elastic deformation of martensite, reorientation of martensite, elastic deformation of reoriented martensite, and plastic deformation of reoriented martensite. 2. A critical compressive strain is observed between 4.8 and 9.6 % under high strain rate loading (e.g., strain rate of 1200 s
-1
). When the deformation strain is above that value, the phase transformation, which is related to the shape memory effect, does not occur. This response is a direct result of an accumulation of large residual strains likely due to the occurrence of plastic deformation of reoriented martensite, which initiates at *7 % strain. 3. The phase transformation features disappear gradually as the sample is compressed to higher level strains and is fully recoverable after the sample is annealed at 873 K (600°C) for 30 min, even for samples with very large plastic deformation (e.g., 9.6 %); however, deformation above *7 % strain leads to permanent plastic deformation which ultimately lowers the phase transformation temperatures.
